We show here that the promoters for many of the Escherichia coli ribosomal protein operons are regulated directly by two transcription factors, the small RNA polymerase-binding protein DksA and the nutritional stress-induced nucleotide ppGpp. ppGpp and DksA work together to inhibit transcription initiation from ribosomal protein promoters in vitro and in vivo. The degree of promoter regulation by ppGpp/DksA varies among the r-protein promoters, but some are inhibited almost as much as rRNA promoters. Thus, many r-protein operons are regulated at the level of transcription in addition to their control by the classic translational feedback systems discovered ∼30 y ago. We conclude that direct control of r-protein promoters and rRNA promoters by the same signal, ppGpp/DksA, makes a major contribution to the balanced and coordinated synthesis rates of all of the ribosomal components.
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ribosome synthesis | transcriptional control | stringent response | translational control P rotein synthesis is the major consumer of cellular energy in bacteria. Because the number of ribosomes is the primary determinant of the level of translation, and ribosome synthesis itself is an energy-intensive process, there are mechanisms that prevent over-or underinvestment of cellular resources in ribosome synthesis (1) . Both ribosomal RNA (rRNA) and ribosomal protein (r-protein) synthesis rates are thereby tightly regulated in Escherichia coli (for reviews, see refs. 2, 3) .
One of the earliest reported examples of regulation of bacterial ribosome synthesis is a stress response referred to as "the stringent response," in which rRNA transcription is inhibited in cells starved for amino acids or some other nutrients (4) . In this response, uncharged tRNAs induce the ribosome-associated RelA and/or SpoT proteins to synthesize ppGpp (5) (6) (7) . [The term "ppGpp" is used here to describe both the unusual nucleotide guanosine-3′,5′-(bis)pyrophosphate and its pentaphosphate precursor.] ppGpp concentrations change not only after complete starvations but also after less severe shifts in nutritional conditions, coordinating rRNA synthesis with the need for protein synthesis. Shifts to a more favorable nutritional condition result in a decrease in the concentration of ppGpp and a corresponding increase in rRNA promoter activity, whereas shifts to a less favorable condition result in an increase in ppGpp and a corresponding decrease in rRNA transcription (8) .
ppGpp binds directly to E. coli RNA polymerase (RNAP) and inhibits transcription from rRNA promoters (9) , although the identity of the ppGpp binding site on RNAP remains unclear (10) . However, for ppGpp to exert its full effect on transcription, RNAP has to be modified by the small protein, DksA (11, 12) . Unlike ppGpp, DksA is present at high concentrations in cells under all conditions that have been examined (11, 13) . rRNA transcription initiation is also regulated by the concentration of the first nucleotide in the transcript (8, 14) and by at least one DNA binding factor, the 11.2-kDa Fis protein (15) . Together, ppGpp, DksA, the concentration of the first NTP (iNTP), and Fis match ribosome synthesis rates to the availability of nutrients (8, 11, (14) (15) (16) (17) (18) (19) .
The 55 different r-protein genes are spread throughout the E. coli genome, some in units encoding only one or two proteins, but others in long operons encoding 10 or more proteins (Table S1 ). Early studies demonstrated that most (or all) r-protein synthesis is regulated by the stringent control system but could not distinguish between direct effects of ppGpp on transcription of r-protein mRNAs and indirect effects of ppGpp on r-protein mRNA levels through its effects on rRNA synthesis (20, 21) . A series of elegant studies performed primarily in the 1970s and 1980s demonstrated convincingly that most (or all) ribosomal protein operons are regulated by translational feedback mechanisms (reviewed in ref.
2) in which each operon encodes a single bifunctional r-protein that can bind not only to a high-affinity site on 16S or 23S rRNA but also to a single lower-affinity site on its own mRNA. By inhibiting translation of r-protein operons only when the r-protein concentration exceeds that of rRNA, the translational feedback mechanisms couple r-protein synthesis to rRNA synthesis and could be sufficient to account for the coordination of the synthesis rates of all of the ribosomal components with changes in nutritional conditions (2) .
Recent genome-wide expression studies have reported that at least five and as many as 40 r-protein transcripts decrease following amino acid limitation (22, 23) . However, as in the earlier studies, conclusions about the mechanistic basis for the decrease in r-protein mRNA levels were constrained by reports that r-protein transcripts had lifetimes of only a few seconds when they were translationally repressed (24, 25) .
Each cistron in an r-protein operon has its own potential ribosome binding site, but there is only one binding site on the mRNA for the translational repressor. Thus, an explanation was needed to account for regulation of r-protein synthesis from the entire operon. Previous studies had shown that translation of downstream cistrons in the trp operon was coupled to translation of upstream cistrons (26, 27) . Although the mechanism of translational coupling in the trp operon did not involve mRNA binding by a translational repressor, Nomura et al. reasoned that translational coupling might also occur in r-protein operons. They demonstrated that a single repressor r-protein binding event could inhibit expression of an entire r-protein operon, because translation of each cistron in the mRNA was coupled to translation of the target cistron at which the translational repressor acted (28, 29) . A general mechanism was envisioned in which inhibition of translation of upstream cistrons in r-protein operons resulted in the formation of mRNA secondary structures that precluded translation of the downstream cistrons.
Translational coupling mechanisms have been demonstrated for a limited number of r-protein operons. In the L11-L1 operon, the translational repressor L1 binds to a site on the mRNA upstream of the L11 cistron. The L1 binding site on the mRNA resembles the L1 binding site on 23S rRNA, and L1 inhibits translation of both proteins by binding to its mRNA target (29) . In the L35-L20 operon, which is transcribed from several promoters (thrS, infC P1, infC P2, and rpmI), L20 (encoded by rplT) binds upstream of the L35 coding region, blocks the L35 ribosome binding site, and allows a secondary structure to form downstream that occludes the L20 ribosome binding site, blocking both L35 and L20 translation (30) .
In the resulting model for r-protein synthesis regulation, the translational repressor r-proteins bind to their mRNA targets when free rRNA is unavailable, and in conjunction with translational coupling, coordinate the synthesis rates of most (or all) r-proteins with each other and with rRNA (2) . An additional mechanism, transcription attenuation, helps coordinate expression of the S10 operon. This operon is transcribed by the rpsJ promoter and encodes 11 r-proteins, but attenuation is still dependent on the action of L4, the same bifunctional r-protein that serves as the operon's translational repressor (31) . The elegance of the translational feedback mechanism, its widespread occurrence in bacteria, and its place in the history of molecular biology as one of our earliest and best-understood examples of translational regulation, have resulted in an assumption that this is the primary mechanism controlling r-protein synthesis in E. coli.
Because inactivation of the dksA gene increases the activities of numerous promoters in vivo in addition to those for rRNA, and ppGpp/DksA directly inhibits some of these promoters in vitro (11, (32) (33) (34) , we decided to examine whether control of transcription initiation by ppGpp/DksA might also play a direct role in the regulation of r-protein synthesis. Here we report that many of the major r-protein promoters are specifically inhibited by ppGpp/DksA in vitro, that the activities of the same r-protein promoters increase in strains lacking dksA, and that ppGpp/ DksA-regulated r-protein promoters are not stringently controlled in strains lacking dksA. Thus, many E. coli r-protein operons are regulated by a mechanism that acts at transcription initiation in addition to by the well-established translational control paradigm.
Results
Some r-Protein Promoters Are Inhibited by ppGpp/DksA. To investigate whether DksA and ppGpp play a direct role in regulating transcription initiation in r-protein operons, we studied 17 promoters responsible for expression of 39 of the 55 r-proteins (as well as some other proteins; e.g., the set also includes the promoters for the α, β, β′, σ
70
, and ω subunits of RNAP). The rrnB P1 and lacUV5 promoters were included as positive and negative controls, respectively, for inhibition by DksA and ppGpp (Tables  S1-S3 for operon structures, promoter fragment endpoints, and promoter sequences).
As an initial screen, we performed single-round in vitro transcription reactions in the presence and absence of DksA and ppGpp (Fig. 1A) . Of the 17 promoters examined, three promoters, rpsM (which transcribes a five-cistron mRNA encoding four r-proteins and the RNAP α subunit), rpsT P2 (r-protein S20), and rpsJ (S10 operon) were inhibited strongly by ppGpp/DksA (more than fourfold under these reaction conditions), almost as much as the rRNA promoter rrnB P1. Transcription from eight other promoters was inhibited ∼twofold, and six promoters were inhibited to the same extent as (or even less than) the promoter used as a control, lacUV5 (Fig. 1A) . Based on these results in vitro, the promoters were sorted into three groups for display purposes, with arbitrary boundaries between them: group I for promoters inhibited by ppGpp/DksA at least fourfold in vitro; group II for promoters inhibited 1.5-to fourfold in vitro; and group III for promoters inhibited less than 1.5-fold in vitro.
Expression from r-Protein Promoters Inhibited by DksA/ppGpp in Vitro Increases in a ΔdksA Mutant in Vivo. Next we tested the effects of DksA on r-protein promoters by measuring the β-galactosidase activities of ΔdksA and WT strains containing promoter-lacZ fusions carried on bacteriophage λ prophages in single copy (Figs. 1 B and C). In log phase, effects of the dksA mutation on a control promoter, lacUV5, were minimal (∼10%). In contrast, 16 of the 17 test promoters were affected by the dksA mutation more than the lacUV5 promoter [the statistical significance of the ΔdksA effect on the rplJ (β) promoter was uncertain]. In stationary phase (22-24 h after inoculation), there was a ∼twofold effect on lacUV5. The loss of dksA had a much larger effect on most of the test promoters. The significance of the effect of the dksA mutation on four of the promoters (thrS, infC P1, rpmI, rplJ) was uncertain (the effect was within error of that on lacUV5). With one exception, the rpsJ (S10) promoter, there was a strong correlation between the promoters affected most by dksA in vitro and those affected in log and stationary phase ( Fig. 1 A-C) . For reasons that remain unclear, the rpsJ (S10) promoter was strongly affected by the ΔdksA mutation in vitro and in stationary phase, but not in log phase. Because β-galactosidase is stable, the measurements made in stationary phase reflected the accumulation of this enzyme and not necessarily the promoter activity at the time of assay. In fact, ppGpp concentrations return to basal levels after a few hours in stationary phase (8) . However, the effects of the ΔdksA mutation were larger in stationary phase in almost all cases than the effects in log phase, even when considering the general effects on transcription (∼twofold) reflected by the activity of the lacUV5 construct in stationary phase. We conclude that the larger effects of the ΔdksA mutation at this time derive from the inability of the cell to turn down transcription at early times in stationary phase, when ppGpp concentrations rise and NTP concentrations fall (8) .
Because the promoter-lacZ fusions used in this study do not contain sequences corresponding to the mRNA targets of the translational repressor r-proteins, and because the promoters most strongly affected by the ΔdksA mutation in stationary phase correlate with those inhibited by ppGpp/DksA in vitro [rpsM (α), rpsT P2 (S20), rpsJ (S10)], we conclude that many r-protein promoters are regulated directly by ppGpp/DksA.
Our collection of promoters included those responsible for expression of all of the subunits of the major form of RNAP, α (expressed from the rpsM promoter), β and β′ (rplJ promoter), ω (rpoZ promoter), and σ 70 (rpsU P2 promoter). These promoters were affected to different extents by ppGpp/DksA in the three assays (in vitro, log phase, stationary phase). Thus, the data do not support a model in which coordination of expression of the RNAP subunits results from regulation by ppGpp/DksA.
Stringent Control of Synthesis of Some r-Proteins in Response to
Amino Acid Starvation Occurs at the Level of Transcription. To determine RNA synthesis directly in response to ppGpp induction, we examined transcription by primer extension from seven representative promoters (rpsM, rpsT P2, and rrnB P1 from group I; rplN, rpsL, and rpsT P1 from group II; and lacUV5 from group III) after amino acid starvation in vivo. These measurements detect RNA directly after exposure to high levels of ppGpp (compared with indirectly by measuring β-galactosidase accumulation in the presence of the lower levels of ppGpp present in steady-state growth). After addition of serine hydroxamate (SHX), a serine analog that prevents charging of seryl-tRNAs and thus causes partial serine starvation and an increase in ppGpp levels, transcription from the rrnB P1 promoter and each of the 5 r-protein promoters decreased three-to fivefold in the WT strain (Fig. 2 A-F) but not in the ΔdksA strain. Much less inhibition of the lacUV5 promoter was observed (Fig. 2G) , even though growth of that culture, as well as the others, was arrested by SHX. These results are consistent with the model that transcription inhibition of r-protein promoters by ppGpp/DksA is specific and direct.
DksA and ppGpp Work Together to Inhibit Transcription. We showed previously that subsaturating concentrations of ppGpp and DksA together inhibit transcription in vitro from rrnB P1 much more strongly than either factor alone (11) . We next examined effects of ppGpp and DksA individually and together on r-protein promoters (Fig. 3) . DksA (2 μM) and ppGpp (100 μM) individually had relatively small effects on each of the r-protein promoters examined (Fig. 3 A-E) , although the effects of ppGpp or DksA alone were significantly greater on each of the r-protein promoters except the rplN (spc) promoter than on the control promoter, lacUV5 (Fig. 3G ). At these same concentrations, ppGpp and DksA together more strongly inhibited the r-protein promoters. The promoters most inhibited by dksA in vivo, rpsM (α) and rpsT P2 (S20), as measured by the promoter-lacZ fusions in Figs. 1 B and C, were the most strongly inhibited by ppGpp/ DksA in vitro, approaching the degree of inhibition observed with rrnB P1.
In contrast to its relatively small effects on the r-protein promoters, 2 μM DksA by itself almost eliminated transcription from rrnB P1 (Fig. 3F) , masking detection of synergistic effects of the two factors together. These results suggested that the identity of the promoter might influence the concentration of DksA needed for inhibition in the presence of ppGpp. Therefore, as depicted in Fig. 4 , we measured the DksA concentration-dependence (low nM to low μM DksA with 100 μM ppGpp) for inhibition of transcription from each of the same promoters examined and depicted in Fig. 3 . The IC 50 (DksA concentration needed for half-maximal inhibition) ranged from 52 to 85 nM for the five r-protein promoters, values that were within experimental error (Fig. 4) . As a result, we cannot conclude whether the heterogeneity in the IC 50 values among the different r-protein promoters accounts for the quantitative differences in the degree of inhibition by DksA. However, the difference in IC 50 between the r-protein promoters and rrnB P1 (13 nM) is significant and could account for the larger effects of 2 μM DksA on rrnB P1 than on the r-protein promoters in the absence of ppGpp (Fig.  3) . Further studies will be needed to understand the relationship between promoter DNA sequence and IC 50 by DksA in vitro and whether this contributes to the differential effects of ppGpp/DksA on different promoters in vivo.
Discussion
The Same Factors Regulate rRNA and r-Protein Synthesis. Figure 5 schematically illustrates that multiple r-protein promoters in E. coli are regulated not only by the previously described translational feedback mechanism but also by the same transcription factors that regulate rRNA promoters, ppGpp, and DksA. Using the same factors to regulate the synthesis of multiple components of the ribosome, most of which are needed in equimolar amounts, would seem logical. Regulating expression at the transcription initiation step might also seem logical from the perspective of energy efficiency. However, translation is far more costly than transcription in terms of energy expenditure, and it has been proposed that the production of equimolar quantities of each ribosomal component likely evolved to compensate for the lack of complete cooperativity in ribosome assembly (i.e., to prevent formation of incomplete ribosome particles that could potentially bind to mRNAs and block translation) rather than for efficiency reasons (35) .
It has long been recognized that a translational coupling mechanism would be necessary to account for translational control of all of the members of an r-protein operon, as each cistron appears to have its own ribosome binding site (2) . Control of r-protein promoters by ppGpp/DksA would reduce reliance on translational coupling for regulation of all of the members of an r-protein operon [as does the transcriptional attenuation mechanism that contributes to regulation of the rpsJ (S10) operon]. However, the degree of inhibition of r-protein promoters by ppGpp/DksA does not appear to correlate with the number of proteins encoded by the operon. For example, the rpsT P2 promoter transcribes only the mRNA encoding S20, yet this promoter is one of those most strongly regulated by ppGpp/DksA. Conversely, the rplN (spc) promoter transcribes one of the longest of the r-protein operons, but it is not one of those most strongly affected by ppGpp/DksA. Therefore, relief of reliance on translational coupling cannot be the only reason for regulation at the transcription initiation step.
We noticed that some r-protein promoters were affected more by a ΔdksA deletion in vivo than by ppGpp/DksA in vitro or vice versa (for example, compare rplK, rpoZ, and rpsJ in Fig. 1  A and C) . Although the mRNA sequence signals needed for translational repression are not present in our constructs, and thus translational feedback could not be responsible for the observed in vivo-in vitro discrepancy, perhaps additional factors affected by the ΔdksA mutation contribute to regulation of some r-protein promoters in vivo. (11, 36) . The promoter sequences that contribute to the susceptibility of rRNA promoter complexes to inhibition by ppGpp/DksA are complex. They include (but are not limited to) a G+C-rich "discriminator" sequence just upstream from the transcription start site (especially a C residue on the nontemplate strand two positions downstream from the −10 hexamer) and the absence of an extended −10 sequence. The discriminator sequence in rRNA promoters disfavors a specific interaction with region 1.2 of the σ subunit, and the absence of an extended −10 sequence disfavors an interaction with region 3.0 of σ (37). Although the sequences of the ppGpp/DksAregulated r-protein promoters (Table S3) do not suggest an absolute requirement for the absence of promoter interactions with σ regions 1.2 and 3.0, most conform to this pattern. No other simple sequence pattern correlates with the degree of r-protein promoter regulation. A better understanding of the mechanism of ppGpp/DksA function will be needed before predictions about regulation can be made from promoter sequence alone.
Comparison with Other Results. Although regulation of many r-protein operons was examined previously, in some cases it was not determined whether it resulted from effects on transcription, translation, or both. Furthermore, as indicated above, the observation that r-protein mRNAs can be extraordinarily short-lived when they are translationally repressed (25) limited conclusions that could be made about the mechanism(s) responsible for regulation.
There were previous suggestions that the same factors might be capable of regulating both rRNA and r-protein synthesis. For example, an increase in r-protein synthesis was reported when ribosome assembly was inhibited, and this correlated with an increase in rRNA synthesis (38) . However, it was not possible to indentify the molecular mechanism responsible.
Some effects on specific promoters reported here are consistent with observations made previously. For example, Lindahl et al. (39) reported that addition of ppGpp to a coupled transcription-translation system reduced incorporation of radioactive nucleotide into r-protein mRNAs generated from a DNA template containing the rpsL (str), rpsJ (S10), rplN (spc), and rpsM (α) operons. However, only very weak, promoter-nonspecific inhibition was observed from the same template after ppGpp addition to transcription reactions containing only purified components. In contrast, we found that two of the four promoters on this template were strongly inhibited by ppGpp when DksA was present. Perhaps the extract used to make the coupled transcription-translation system contained DksA, whereas it was absent in the purified system.
Cole and Nomura (24) concluded that stringent control of L11-L1 synthesis occurred at the translational level, consistent with our observation that the rplK (L11-L1) promoter was affected only very slightly by ppGpp/DksA in vitro. The potential for different r-protein operons to be regulated at different (or multiple) steps in gene expression has also been noted (24, 39) , a prediction borne out here.
Finally, it was reported that ppGpp alone directly inhibited the rpsA P1 (S1) promoter in vitro (40) (Fig. 1) . However, not all promoters inhibited by ppGpp in that report were regulated by ppGpp in another report (41) or by ppGpp/DksA in our study.
RelA/SpoT homologs are found throughout the bacterial kingdom (5), although the mechanism of ppGpp action on rRNA transcription appears to be indirect in some cases (10, 42) . DksA has been studied far less than ppGpp in organisms other than E. coli. Sequence homologs of DksA are present throughout proteobacteria, but they are not obvious in many other species, including some Gram-negative or some Gram-positive thermophiles (10, 42) . However, structurally similar proteins could be present but not recognized in sequence comparisons. For example, Gre factors are structurally very similar to DksA in their coiled-coil domain and bind in the RNAP secondary channel like DksA. E. coli GreB can even complement some activities of DksA when at high concentration (13) , but it bears little or no sequence resemblance to DksA. Thus, sequence comparisons are insufficient to determine whether regulation of r-protein synthesis by ppGpp/DksA is widespread in nature.
Prospect. We have demonstrated specific regulation of a large number of r-protein promoters by ppGpp/DksA using purified components in vitro, with reporter constructs at two stages of growth in vivo, and by direct measurement of RNA made from r-protein promoters in cells starved for amino acids. Although the transcriptional and translational mechanisms for control of r-protein synthesis could have evolved to be redundant to ensure that this crucial regulation persists in case one of the systems fails, it would not be surprising if the relative contributions of the two mechanisms to regulation varied with growth stage or nutritional conditions. In this way, the two mechanisms could complement each other like the multiple mechanisms that regulate rRNA promoters (8) . For example, one could be more important for rapid responses during severe upshifts and downshifts whereas the other could be more important for fine adjustments during exponential growth or during changes in growth phase. Thus, nuances of regulation of E. coli r-protein synthesis remain to be explored.
Materials and Methods
Strains, Plasmids, and Proteins. Strains and plasmids used in this work are listed in Table S2 . Endpoints of the promoter fragments used to make lacZ fusions are numbered relative to the transcription start site. Promoter fragments were amplified from chromosomal DNA by PCR from VH1000 (14) and cloned into plasmid pMSB1 (43) . All except one of the r-protein promoterlacZ fusions (see below) were then inserted into phage λRS468 using an in vivo recombination method (43, 44) , the fusions were introduced by infection into VH1000 (14) , an MG1655-derivative lacking lacZ, lysogens were identified on LB plates containing 40 μg/mL X-gal, and single-copy λ lysogens were chosen for analysis. The r-protein promoter-lacZ fusions lack the sequences needed for translational control. Lysogens containing the ΔdksA:: tet R allele were obtained by transduction with phage P1vir grown on donor strain RLG8124 (11) . We were unable to clone the rpsJ (S10) promoter fragment into pMSB1. Therefore, a promoter-lacZ fusion was created by ligation of the promoter fragment with phage λ arms followed by packaging in vitro (43, 45) . Difficulties in cloning strong promoters into pMSB1 have been noted previously (43) .
Plasmids used for in vitro transcription were constructed by amplifying a promoter fragment from the bacterial chromosome by PCR using primers containing EcoRI or HindIII sites. The promoter fragment was then inserted into the HindIII and EcoRI sites of plasmid pRLG770 (15) , which contains rrnB T1T2 transcription termination sequences ∼150 nt (for T1) or ∼300 nt (for T2) downstream of the HindIII site. The previously annotated rpsU P1 promoter was inactive in vitro, and a promoter directly upstream of rplT (46) was inactive in vivo. Therefore, these promoters were not examined further. Promoter fragments used for transcription in vitro generally had endpoints slightly further downstream than those used in vivo to create transcripts that migrated to a clear position in the gel to facilitate quantitation (Table S2) .
RNA polymerase holoenzyme and His-tagged DksA were purified as described elsewhere (13) .
In Vitro Transcription. Single-round in vitro transcription assays were performed at 30°C as described (11) . The reactions contained 40 mM Tris·ace-tate, pH 7.9, 60 mM NaCl, 10mM MgCl 2 , 1 mM DTT, 1 nM supercoiled plasmid DNA, 10 nM RNAP, 200 μM ATP, CTP ,and GTP, 10 μM UTP, and ∼1 μCi [α-
32 P]-UTP. Heparin (10 μg/mL) was used as a competitor to prevent reinitiation and was added together with the NTPs to start the reactions.
DksA (2 μM or the concentration indicated) and/or ppGpp (100 μM; Trilink) were preincubated with RNAP and buffer components for 10 min before addition of NTPs and heparin (where indicated).
β-Galactosidase Assays. Cells were grown in Mops medium supplemented with glycerol and all 20 amino acids at 37°C, except the rpsJ-lacZ fusion strain was grown at 30°C because it contains a phage with a temperature-sensitive λ repressor. β-Galactosidase activity was determined as previously described (29) . Error bars in Fig. 1 B and C represent the SD from at least six independent cultures inoculated from colonies and grown for at least three generations to an OD 600 of ∼0.3. Growth was continued overnight (a total of 22-24 h) for the stationary-phase measurements.
RNA Extraction and Primer Extension. WT and ΔdksA strains containing the same promoter-lacZ fusions used for measuring r-protein promoter activity in the experiments described in Fig. 1 B and C were grown at 37°C in Mops medium supplemented with glycerol and all 20 amino acids. At OD 600 ∼0.3, WT or ΔdksA mutant cultures were each divided into 25-mL samples in prewarmed flasks containing 1 mL either 25 mg/mL serine hydroxamate to induce amino acid starvation (SHX-treated) or water (untreated). Aliquots from the SHX-treated or untreated cultures were removed at the indicated times. RNA extraction (by boiling lysis followed by phenol-chloroform extraction) and primer extension were performed as previously described (47), except for using SuperScript III (Invitrogen) in the buffer supplied by the manufacturer. A primer that annealed near the 5′ end of the lacZ gene (34) was used for all strains.
